Abstract: Although the incidence of human papillomavirus (HPV)-associated anal neoplasia is increasing, interobserver and intraobserver reproducibility in the grading of biopsy specimens from this area remains unacceptably low. Attempts to produce a more reproducible grading scheme have led to the use of biomarkers for the detection of high-risk HPV (HR-HPV). We evaluated the performance of standard morphology and biomarkers p16, ProEx C, and Ki-67 in a set of 75 lesions [17 nondysplastic lesions, 23 low-grade squamous intraepithelial lesions (LSIL)/condyloma, 20 high-grade squamous intraepithelial lesions (HSIL), 15 invasive squamous cell carcinomas] from the anal and perianal region in 65 patients and correlated these findings with HPV subtype on the basis of a type-specific multiplex real-time polymerase chain reaction assay designed to detect HR-HPV. A subset of cases with amplifiable HPV DNA was also sequenced. HSIL was typically flat (15/20), and only a minority (4/20) had koilocytes. In contrast, only 1 LSIL was flat (1/23), and the remainder were exophytic. The majority of LSIL had areas of koilocytic change (20/23). HR-HPV DNA was detected in the majority (89%) of invasive carcinomas and HSIL biopsies, 86% and 97% of which were accurately labeled by strong and diffuse block-positive p16 and ProEx C, respectively. LSIL cases, however, only infrequently harbored HR-HPV (13%); most harbored low-risk HPV (LR-HPV) types 6 and 11. Within the LSIL group, p16 outperformed ProEx C, resulting in fewer false-positive cases (5% vs. 75%). Ki-67 was also increased in HR-HPV-positive lesions, although biopsies with increased inflammation and reactive changes also showed higher Ki-67 indices. These data suggest that strong and diffuse blockpositive nuclear and cytoplasmic labeling with p16 is a highly specific biomarker for the presence of HR-HPV in anal biopsies and that this finding correlates with high-grade lesions.
T he association between invasive cervical cancer and human papillomavirus (HPV) infection is now well established, [1] [2] [3] and epidemiologic studies have identified specific high-risk HPV (HR-HPV) types that are more likely to be oncogenic in the uterine cervix. 4 A similar association exists between HPV infection and squamous cell carcinoma of the anal canal, 5, 6 although the rate of progression in this site is not as well defined. Advances in therapy for patients with human immunodeficiency virus/ acquired immunodeficiency syndrome and organ transplant recipients have been accompanied by increased rates of HPV-associated anal neoplasia, [7] [8] [9] [10] [11] [12] which have presumably contributed to the overall increase in incidence of squamous cell carcinoma of the anal canal. 13, 14 These trends underscore the need for accurate histopathologic interpretation of anal biopsies, although, as in the uterine cervix, interobserver and intraobserver agreement is poor. [15] [16] [17] Attempts to produce a more coherent and reproducible system for grading anogenital dysplasia have led to the use of surrogate immunohistochemical markers for HR-HPV infection. Integration of HR-HPV DNA into the host genome leads to increased expression of viral oncoproteins E6 and E7, which in turn bind the normal cell cycle regulatory proteins p53 and pRB. 18 This disruption produces secondary imbalances in the levels of numerous cell cycle proteins, including the downstream cyclin-dependent kinase inhibitor p16. Recent studies have shown increased levels of 2 additional cell cycleassociated proteins in human cervical cancer cells, minichromosome maintenance protein 2 (MCM2) and DNA topoisomerase II a (TOP2A). 18, 19 MCM2 is part of the prereplication complex that assembles during the early G1 phase of cell division, 20 and TOP2A catalyzes the transient separation of strands of duplex DNA during replication. 21 ProEx C is an immunohistochemical marker that contains monoclonal antibodies against both of these cell cycle-associated proteins.
hybridization, 35 with 1 recent study reporting HR-HPV PCR results on a subset of cases. 36 Less work exists regarding anal canal lesions, and most of the published studies regarding p16 and anal biopsies use either consensus diagnosis [37] [38] [39] or relatively less sensitive in situ hybridization techniques 40, 41 as their "gold standard" for the diagnosis of dysplasia or HR-HPV infection. Only 1 recent study reported PCR results from an assay designed to detect a subset of HPV types. 42 No work currently exists regarding ProEx C expression in anal biopsies. To determine which, if any, of these biomarkers can be used in clinical practice to stratify patients according to risk, we characterized the expression patterns of p16, ProEx C, and the proliferation marker Ki-67 in anal lesions ranging from benign acrochordons to invasive squamous cell carcinoma and compared these results with those of HPV DNA PCR, including HPV genotyping in a subset of cases
MATERIALS AND METHODS

Case Selection
After receiving IRB approval, archived formalinfixed paraffin-embedded tissue samples of 75 anal and perianal lesions from 65 patients (42 male, 23 female; average age 44.3 y) obtained from January 2000 through September 2007 were retrieved from the files of the Laboratory of Surgical Pathology at Stanford Hospital and Clinics. The biopsies included: 17 nondysplastic anal lesions (acrochordons, hemorrhoids), which served as negative controls for the PCR and immunohistochemical studies; 23 low-grade squamous intraepithelial lesions (LSIL/condyloma/AIN1); and 20 high-grade squamous intraepithelial lesions (HSIL/AIN2-3/CIS). In addition, 15 anal resection specimens with invasive squamous cell carcinoma were evaluated. Hematoxylin and eosinstained sections from each case were independently evaluated by 3 pathologists (R.B., C.S.K., and T.A.L.) and classified as nondysplastic, LSIL (condyloma/AIN1), HSIL (AIN2-3), or invasive SCC.
Morphologic Features
Flat versus exophytic pattern of growth was recorded for each case. Flat lesions demonstrated thickening of the mucosa that often resulted in extension of squamous mucosa below the level of the adjacent normal dermal-epidermal junction. In situ flat lesions were notable for a rounded border with the submucosa and lacked a tissue host response. By definition, all invasive carcinomas contained an endophytic component that was associated with inflammation and a desmoplastic stromal response. The surface of the purely flat lesions tended to remain smooth and regular. Exophytic lesions were produced by squamous proliferations whose predominant growth occurred above the normal dermal-epidermal junction; these cases typically showed some degree of papillomatosis that resulted in an irregular superficial surface. Cases with both patterns of growth were labeled as "mixed." The presence or absence of dense eosinophilic keratin and koilocytes was also recorded.
Immunohistochemical Staining
Immunohistochemical staining for p16 was performed with the DakoCytomation Autostainer on 4-mmthick sections with the DakoCytomation CINtec p16 histology kit using a primary mouse anti-human monoclonal antibody (clone E6H4; DakoCytomation, Glostrup, Denmark). Antigen retrieval was performed with a pressure cooker (30 min at 1151C), and slides were incubated with a peroxidase-blocking reagent, followed by the primary antibody (dilution 1:50) and the Visualization Reagent (secondary goat anti-mouse immunoglobulin and horseradish peroxidase linked to a dextran polymer backbone). After rinsing with distilled water, the slides were incubated with 3,30-diaminobenzidine. Substrate-Chromogen Solution and a Mayer hematoxylin counterstain were applied before cover-slipping. A paraffin-embedded section of cervical tissue confirmed to be positive for HR-HPV by PCR was included as a positive control with each run. p16 staining was scored as negative (cytoplasmic blush, wispy, puddled, and/or weak nuclear staining in <5% of the lesion), focal strong (patchy or discontinuous strong nuclear or nuclear plus cytoplasmic staining), or strong and diffuse (continuous strong nuclear or nuclear plus cytoplasmic staining of the basal layer with extension upwards). Extent of mucosal staining was also scored as partial (less than one third of mucosal thickness) or full (one third or greater than one third of mucosal thickness).
The MCM2 and TOP2A antigens were identified using a mouse anti-human ProEx C monoclonal antibody of predetermined concentration (Tripath Imaging Inc., Burlington, NC), and staining was performed as per the manufacturer's instructions. Cervical biopsy tissue previously shown to be positive for HR-HPV by PCR was used as a positive control. Staining of the basal epithelium also served as an internal control. ProEx C results were scored as negative (strong nuclear staining confined to the lower one third of the epithelium in the entire lesion) or positive (strong nuclear staining extending into the upper one third of the epithelium and involving at least one half of the lesion). Weak nuclear staining, regardless of extent, was scored as negative.
The presence of abnormal proliferation was evaluated using the mouse monoclonal antibody MIB-1 (clone IVAK-2; Dakocytomation, CA; 1:200 dilution). Results were scored as positive if nuclear labeling was Z50% in the lesional epithelium and extended into the mid or mid and upper one third of the mucosa.
HPV Genotyping Methods
DNA was extracted from the aforementioned formalin-fixed, paraffin-embedded tissue blocks and subjected to type-specific (HPV 16, 18) real-time PCR (RT-PCR) targeting HPV E6 and E7. HPV L1 amplification and sequencing were performed on a series of cases negative for HPV 16 and 18 by RT-PCR, as previously described. 43 A subset of cases that did not contain detectable HPV-16 or HPV-18 DNA was submitted for sequencing.
Statistical Analysis
The association between morphologic findings, results of immunohistochemical stains for the 3 markers examined, and HPV status as determined by HPV DNA PCR was evaluated using univariate w 2 tests and multivariate logistic regression. Sensitivity and specificity for the 3 biomarkers tested were also calculated. A P-value of <0.05 was considered statistically significant.
RESULTS
Morphology
On morphologic review, 3/10 cases initially diagnosed as AIN1-2 were classified as HSIL and 7 as LSIL (C.S.K. and T.A.L.).
Invasive carcinomas were predominantly purely endophytic (13/15), showed a mixture of keratinizing (9/15) and nonkeratinizing (6/15) types, and only rarely demonstrated koilocytic change (1/15) ( Table 1 ). The HSIL lesions also tended to be flat (15/20) , but there was a subset with both flat and exophytic growth (5/20) . Approximately half of the cases lacked keratinization (11/ 20) , and only a minority had koilocytes (4/20). In contrast, only 1 LSIL lesion showed a purely flat growth pattern (1/23). All 23 LSIL biopsies were keratinizing, and the majority had areas of koilocytic change (20/23).
HPV PCR
As expected, the majority (14/15) of invasive squamous cell carcinomas were found to harbor HR-HPV, whereas no HR-HPV DNA was detected in any of the benign lesions (acrochordons, hemorrhoids) ( Table 2) . Of the 14 HR-HPV-positive invasive carcinomas, 11 were typed as HPV-16, 1 as HPV-18, and 2 as HPV-31. The noninvasive HSIL lesions also showed a high prevalence of HR-HPV DNA (17/20 cases), again with HPV-16 being the most common type (11/17) . HPV-18 (2/17), HPV-31 (1/17), and HPV-33 (5/19) were also identified. Three cases had mixed infections that included HPV-31, HPV-33, or HPV-56. The LSIL cases also contained HPV DNA, but in contrast to the invasive and HSIL cases, only 3 of these lesions harbored HPV-16 or HPV-18 (3/ 23). Of the 3 LSIL cases with HR-HPV, 1 had a mixed infection including LR-HPV (HPV-6), and 1 occurred in a patient with HSIL in a separate biopsy. In the subset of LSIL cases that were sequenced, HPV-6 (8/11) and HPV-11 (1/11) were the only 2 LR-HPV types detected. One of eleven LSIL cases was HPV negative by sequencing, and 1/11 had an unknown HPV type.
Four biopsies (3 HSIL, 1 LSIL) were positive for HR-HPV but negative for HPV types 16 and 18. Each of these cases had strong and diffuse block-positive p16 staining, and 2 had an additional HSIL biopsy that was positive for HPV type 16. The presence of a less common type of HR-HPV could not be completely excluded, as these 4 cases could not be further evaluated by L1 sequencing.
Of the 10 cases initially classified as AIN1-2, the 1 p16-positive LSIL biopsy had negative L1 sequencing for HPV types 16 and 18 and was from a patient with Crohn disease. Two of the 3 cases reclassified as HSIL were also negative for HPV types 16 and 18. p16 Assay Strong and diffuse p16 involving one third or more of the mucosa thickness (block positive) was observed in 13/15 invasive carcinomas ( Table 2) . Of the 2 p16-negative cases, 1 keratinizing invasive squamous cell carcinoma did not have detectable HR-HPV DNA by PCR; the other case was from a patient who had undergone preoperative radiation therapy, and HPV-18 was detected by PCR. Of the 20 HSIL cases, 19 showed some degree of p16 reactivity (18 strong and diffuse block positive, 1 focal strong) (Fig. 1) . Within this set, p16 was negative in 1 case that contained HPV-16. Three biopsies showed strong and diffuse block-positive p16 reactivity, although no HPV-16 or HPV-18 was detected. In the LSIL set, 1 case had strong and diffuse block-positive staining, whereas 2 showed focal strong reactivity. One case with focal staining contained HPV-18; the other 2 cases were negative for HPV-16 and HPV-18. Two cases that harbored HR-HPV were negative for p16. Six of 23 LSIL cases showed weak cytoplasmic p16 reactivity in scattered cells; 5 of these cases were sequenced and were found to contain LR-HPV (4 cases with HPV-6, 1 case with HPV-11) (Fig. 2) . There was no p16 reactivity in any of the nondysplastic cases (0/17).
Of the 7 cases initially diagnosed as AIN1-2 and reclassified as LSIL, 1 was p16 positive, whereas all 3 cases reclassified as HSIL were p16 positive.
The overall sensitivity of strong, diffuse block-positive p16 for detecting the presence of HR-HPV was 82.8% (Table 3) . Four cases showed strong, diffuse p16 staining but were negative for HPV DNA by RT-PCR; with these cases counted as false-positive results, the overall specificity of p16 for detecting HR-HPV was 90.2% (P < 0.01). The positive and negative predictive 
ProEx C Assay
Strong full-thickness nuclear staining of keratinocytes with ProEx C was seen in 13/15 invasive carcinomas that had HR-HPV DNA by PCR (13/14) ( Table 2) . One of 2 cases interpreted as negative had full-thickness weak nuclear staining and was HR-HPV positive; the corresponding p16 stain was negative. The other ProEx C-negative case did not have detectable HR-HPV. Eighteen of 20 HSIL cases were positive for ProEx C; 16 of these cases were HR-HPV positive. Seventeen of 23 LSIL biopsies also showed nuclear ProEx C staining extending into the upper one half of the lesion (Fig. 3) . Of the 3 LSIL cases that were found to harbor HR-HPV, 
FIGURE 1.
A, Flat HSIL anal canal lesion. B, p16 expression is strong and diffuse and continuously involves almost the entire epithelial thickness (block-positive pattern). Nuclear and cytoplasmic staining is present. C, ProEx C expression is localized to the nucleus but otherwise exhibits a similar staining pattern. D, Ki-67 is increased and present throughout the thickness of the lesion.
2 were positive for ProEx C, and 1 was negative. Fifteen LSIL cases with positive ProEx C staining did not have detectable HR-HPV by PCR; in the subset of these cases that were sequenced, 7 of these positive cases had LR-HPV types. There was no increased ProEx C reactivity in any of the nondysplastic lesions. The overall sensitivity of strong, diffuse ProEx C staining for detecting the presence of HR-HPV was 94.1% (Table 3) . Four ProEx C-positive cases did not contain HPV-16 or HPV-18 but could not be further evaluated by L1 sequencing; with these cases counted as false-positive results, the overall specificity of ProEx C for detecting HR-HPV was 58.5% (P < 0.01). The positive and negative predictive values for ProEx C for detecting the presence of HR-HPV were 62.3% and 92.3%, respectively.
Ki-67
Increased proliferation as demonstrated by Ki-67 staining was seen in 13 HR-HPV-positive invasive carcinomas. The same HR-HPV-positive case that was negative for p16 and showed weak ProEx C staining also did not have an increased Ki-67 rate. Eighteen of 20 HSIL cases showed increased Ki-67 staining (Fig. 1) . One case with a normal Ki-67 pattern contained HPV-16. Eighteen of 23 LSIL biopsies also had increased Ki-67 staining, including the 3 cases within this set that were found to have HR-HPV. No increase in Ki-67 was seen in any of the nondysplastic lesions. The overall sensitivity and specificity of Ki-67 for detecting HR-HPV were 94.1% and 58.5% (P < 0.01), respectively. The positive and negative predictive values for Ki-67 for detecting the presence of HR-HPV were 65.3% and 92.3%, respectively. Although ProEx C was more sensitive at identifying cases that harbored HR-HPV DNA, p16 proved to be more specific, particularly in the set of LSIL cases that harbored LR-HPV. Both biomarkers demonstrated comparable sensitivity and specificity in the set of invasive carcinomas and HSIL biopsies, in which the prevalence of HR-HPV was extremely high ( Table 2 ). The main difference between the 2 biomarkers occurred in the LSIL biopsies that were predominantly infected with LR-HPV types. In this set, ProEx C reactivity produced many falsepositive cases (15/23), resulting in an unacceptably low specificity in this context (Tables 2, 3 ).
DISCUSSION
The increasing incidence of anal squamous cell carcinoma and preinvasive lesions 13, 14 in both the immunocompetent and expanding immunocompromised populations underscores the need for accurate and reproducible diagnostic methods and terminology. Squamous dysplasias of the anal canal and the diagnostic dilemmas they present for anatomic pathologists are similar to those in the uterine cervix. The relationship between HPV infection and squamous cell carcinoma is well established, 3, 5, 6 and the interobserver and intraobserver reproducibility of the diagnosis of dysplasia in biopsy material is problematic in both sites of disease. [15] [16] [17] A proposed noninvasive screening protocol for high-risk patients with anal lesions emphasizes the need for reproducible diagnostic standards. Under these guidelines, patients with large low-grade lesions can be observed or treated with topical therapy and/or fulguration, whereas anoscopy, perianal mapping with biopsies, and definitive surgical therapy are reserved for those patients with high-grade lesions on preliminary biopsies. 44 In this scheme, accurately separating low-grade from high-grade lesions in the anal canal plays a crucial role in determining the type and extent of treatment individual patients receive.
In our series, the majority of invasive carcinomas and HSIL most commonly harbored HR-HPV types 16 and 18, with fewer cases of types 31, 33, and 56. Most of the LSIL cases harbored LR-HPV types 6 and 11. A purely exophytic growth pattern and the presence of true koilocytic change were associated with the presence of LR-HPV in univariate analysis. This differs from the uterine cervix where flat condylomas are more common and LSIL is more frequently associated with HR-HPV types. The LR-HPV LSIL cases in this study also tended to show patchy, weak cytoplasmic staining with p16, in contrast to the strong and diffuse nuclear or nuclear and cytoplasmic block-positive reactivity seen in cases with HR-HPV. Unlike previous studies, 42 we did not observe this pattern of reactivity in our normal nondysplastic biopsies. Our results indicate that although ProEx C is more sensitive than p16 in detecting anal lesions that harbor HR-HPV DNA, p16 is more specific with fewer false-positive results in anal LSIL harboring LR-HPV. Both biomarkers were highly sensitive and specific in identifying invasive squamous cell carcinoma and p16 is not recommended for confirming a morphologically definitive HSIL (AIN3) lesion, nor should it be used to differentiate LSIL (AIN1) from reactive/ reparative atypia or squamous metaplasia. The significance of p16-positive LSIL (AIN1) is not well defined, although the association of p16-positive LSIL (AIN1) lesions with p16-positive HSIL (AIN2-3) lesions in this study suggests that close follow-up and/or careful evaluation of associated lesions may be warranted.
*Includes transition zone, squamous metaplasia, reactive/reparative atypia.
unequivocal HSIL, although in routine practice ancillary immunohistochemical techniques are often not required in these types of cases to arrive at the correct diagnosis. The sensitivity of p16 in detecting HR-HPV in HSIL anal lesions was similar to previous studies based on consensus diagnosis 37, 38 or in situ hybridization. 41 We also characterized the expression of both markers as either partial or full thickness in an attempt to correlate the staining patterns with the degree of histologic dysplasia. Partialthickness (less than one third of the mucosa) staining was seen slightly more commonly with p16 in LSIL cases, although both patterns of reactivity were present in the low-grade lesions. Partial-thickness ProEx C was only rarely observed, and as a result we did not consider this feature to be useful in the grading of dysplasia. Moreover, lymphocyte nuclei were found to stain positively with ProEx C, a potential pitfall in interpreting cases with increased chronic inflammation. Overall, strong, diffuse, block-positive nuclear or nuclear and cytoplasmic labeling with p16 was found to be the most reliable indicator of the presence of HR-HPV. Ki-67 was a sensitive marker in detecting cases that contained HR-HPV by PCR and was often positive in the invasive carcinomas and high-grade cases. Positive staining was also seen, however, in PCR-negative and low-grade cases with increased inflammation and reactive changes. For this reason, although negative Ki-67 staining may be useful in excluding high-risk lesions, positive results in isolation should be interpreted with caution.
Three LSIL specimens in this series were found to harbor HR-HPV without obvious signs of high-grade dysplasia. One case exhibited focal strong p16 expression and was positive for HPV type 18. The other 2 specimens (both p16 negative) were from a series of biopsies from a patient with human immunodeficiency virus who also had 2 HSIL biopsies with diffuse, strong p16 and the same HR-HPV (type 16) as the LSIL biopsies. Although the presence of HR-HPV and/or focal p16 staining in an otherwise low-grade lesion is currently of uncertain significance, careful examination of these patients for additional anal lesions may be prudent.
Our results support the recommendations of the Lower Anogenital Squamous Terminology Standardization project for HPV-associated lesions to use p16 immunohistochemistry when the differential diagnosis is between (1) LSIL and HSIL or (2) HSIL and an HSIL mimic, that is, anal transition zone mucosa, immature squamous metaplasia, reparative epithelial changes, or tangential sectioning (Table 4) . 45 Although there are currently insufficient data to support the use of p16 in evaluating lesions that exhibit classic LSIL morphology, anal canal condylomas may on occasion exhibit foci of HSIL in the background of otherwise classic LSIL; in these cases in which there is concern for concomitant HSIL, p16 can be useful in detecting small high-risk lesions. One case in our series contained such a focus (Fig. 4) , and p16 supported the interpretation of this focus as HSIL, which was further corroborated by the presence of HR-HPV as detected by PCR. Similarly, p16
immunostaining is not indicated in evaluating otherwise typical HSIL (AIN3) lesions, as there can be false negatives as evidenced by the absence of a positive p16 result FIGURE 5 . A, Patchy nuclear and/or nuclear and cytoplasmic p16 expression can be seen along the upper one half of the epithelium, (B) lower one half of the epithelium, or (C) scattered throughout the lesion in a cytoplasmic pattern. None of these staining patterns correlate with the presence of HR-HPV and should not be interpreted as positive. in 2 HR-HPV PCR-positive HSIL lesions in this series. It is also important to bear in mind that a variety of patchy nondiagnostic p16 staining patterns can be seen, and these patterns should not be overinterpreted as positive results (Fig. 5) . 45 As yet no clear agreement has been reached regarding the "gold standard" for interpretation of preinvasive squamous lesions of the anal canal. In this study, we compared the ability of the biomarkers p16, ProEx C, and Ki-67 to identify cases that contained PCR-proven HR-HPV DNA irrespective of the concurrent consensus diagnosis. Strong and diffuse block-positive p16 staining produced the best combination of sensitivity and specificity for detecting HR-HPV in our cases and resulted in far fewer false positives than ProEx C within the LSIL group. The significance of diffuse, strong block-positive p16 staining results in cases diagnosed morphologically as LSIL is still a matter of debate. Although we do not advocate the use of p16 to prospectively establish a diagnosis of LSIL (vs. benign mimics), the established association between HR-HPV and invasive squamous cell carcinoma of the anal canal suggests that increased surveillance may be indicated in patients with strong diffuse p16 staining in anal canal LSIL until the true rate of progression for these lesions has been determined. Although the overall incidence of disease is too low in the general population to make widespread screening costeffective, closer follow-up of patients with anal lesions that have been shown to contain HR-HPV DNA, either by PCR or through the use of the surrogate biomarker p16, is likely to be of benefit.
